NA topoisomerase I (topo I) affects DNA topology by making a single strand break in DNA, followed by one or more cycles of controlled rotation, then resealing and releasing the DNA (1). This is an enzyme that participates in a variety of DNA templating activities, such as transcription (2-5) and DNA replication (6, 7), presumably to reduce and modulate torsional stress in DNA. Topo I is also the primary target of a group of anticancer drugs related to the natural product camptothecin (CPT) (for reviews, see refs. 8 and 9). These drugs stabilize topo I-DNA covalent complexes causing single-stranded DNA breaks, which are thought to be converted into lethal double-strand DNA breaks. Moreover, topo I can indirectly influence genomic instability through illegitimate recombination (10-13). Although topo I is not necessary in yeast (14), it is required for embryonic development in Drosophila melanogaster (15) and mice (16); therefore, topo I is essential in the context of a multicellular organism. Recently, it was proposed that topoisomerase I and p53 might cooperate to eliminate damaged genomes from the whole organism (17).
D
NA topoisomerase I (topo I) affects DNA topology by making a single strand break in DNA, followed by one or more cycles of controlled rotation, then resealing and releasing the DNA (1) . This is an enzyme that participates in a variety of DNA templating activities, such as transcription (2) (3) (4) (5) and DNA replication (6, 7) , presumably to reduce and modulate torsional stress in DNA. Topo I is also the primary target of a group of anticancer drugs related to the natural product camptothecin (CPT) (for reviews, see refs. 8 and 9). These drugs stabilize topo I-DNA covalent complexes causing single-stranded DNA breaks, which are thought to be converted into lethal double-strand DNA breaks. Moreover, topo I can indirectly influence genomic instability through illegitimate recombination (10) (11) (12) (13) . Although topo I is not necessary in yeast (14) , it is required for embryonic development in Drosophila melanogaster (15) and mice (16) ; therefore, topo I is essential in the context of a multicellular organism. Recently, it was proposed that topoisomerase I and p53 might cooperate to eliminate damaged genomes from the whole organism (17) .
Limited proteolysis and crystallographic data indicate that topo I is comprised of (i) a highly charged N-terminal domain (Ϸ24 kDa), (ii) a conserved core domain (Ϸ54 kDa), (iii) a linker region (Ϸ3 kDa), and (iv) a highly conserved C-terminal domain, which contains the active site tyrosine (1, 18) . In vitro studies reveal that two highly conserved globular domains (the core and the C-terminal domain) are crucial for catalytic activity, and two other regions (N terminus and linker) that are not required for catalytic activity (1, 18) . Despite the fact that the nonconserved N-terminal domain is dispensable for the relaxation activity, it may still have important roles in vivo. For example, the lethality of human topo I overexpression in yeast is dependent on the N-terminal domain, which carries the nuclear localization signal sequence (NLS) (19, 20) . Furthermore, studies in Drosophila also show that the hydrophilic N terminus can target topo I to transcriptionally active loci, suggesting additional roles for the domain in vivo (21, 22) .
In this work, we have used enhanced green fluorescent protein (EGFP)-topo I fusion constructs to evaluate the dynamics of topo I distribution in living cells. We demonstrate that topo I fusion proteins localize to the nucleolus presumably at sites of rDNA transcription. The localization can be significantly altered by drugs that poison topo I-DNA reaction complexes or by selective inhibition of ribosomal gene transcription. The Nterminal domain of topo I is required for this response. These findings suggest a model whereby the N-terminal domain of topo I might serve as a primary targeting device for the enzyme. Moreover, localization of the fusion protein is clearly dynamic and can rapidly change in response to changes in transcription, DNA damage, and topoisomerase inhibition. Finally, we report that the p53 status of the cell influences how endogenous topo I is shuffled around following DNA damage.
Mouse cell lines were cultured in DMEM supplemented with 15% FBS.
Transfection. Freshly plated cells (50 to 80% confluence) were transfected with 2 g of DNAs per 35-mm dish, using SuperFect transfection reagent (Qiagen, Valencia, CA), according to the manufacturer's instructions.
Fluorescence Microscopy. Cells were cultured to 50-80% confluence on glass cover slips. Before examination, cover slips were placed directly onto a glass slide with a drop of 50% glycerol in PBS (9.1 mM Na 2 HPO 4 ͞1.7 mM NaH 2 PO 4 ,͞50 mM NaCl, pH 7.4). Fluorescent images were captured using a Nikon Eclipse E800 microscope attached to a MicroMax camera (Princeton Instruments, Trenton, NJ).
Nuclear Protein Preparation. To prepare samples for Western blot, cells were washed twice with cold PBS and resuspended in 1 ml of buffer A (100 mM NaCl͞50 mM KCl͞20 mM Tris⅐HCl, pH 7.5͞0.1 mM EDTA͞0.1 mM PMSF͞10% glycerol͞0.2% Nonidet P-40͞0.1% Triton X-100). Following incubation on ice (10 min), nuclei were centrifuged (2,000 ϫ g, 10 min) and lysed in 100 l of 1ϫ electrophoresis sample buffer and boiled for 2-3 min.
Immunoprecipitation. Cells were washed twice with PBS, resuspended in 3 ml of ice cold RIPA (1ϫ PBS͞1% Nonidet P-40͞0.5% sodium deoxycholate͞0.1% SDS͞10 g/ml PMSF), disrupted by repeated aspiration through a 21-gauge needle, and centrifuged (10,000 ϫ g, 10 min, 4°C). The supernatant was precleared by adding 1.0 g of rabbit IgG, together with 20 l of protein A-agarose at 4°C for 30 min. After centrifugation, supernatants (cell lysates) were incubated with 10 g of agarose-conjugated TATA box-binding protein (TBP) antibody (Santa Cruz Biotechnology) at 4°C overnight with mixing. Immunoprecipitates were collected by centrifugation (2,500 ϫ g, 5 min, 4°C) and washed with 1.0 ml PBS four times. After the final wash, pellets were resuspended in 40 l of electrophoresis sample buffer, boiled for 2-3 min, and analyzed by SDS͞PAGE and Western blotting.
Western Blotting Analysis. The nuclear protein or immunoprecipitated samples were separated by SDS͞10% PAGE, followed by electroblot transfer to nitrocellulose. Topo I-specific antibodies (Scleroderma antibody from TopoGEN, www.topogen.com) were used to detect topo I with the BM Chemiluminescence Western Blotting Kit (Mouse͞Rabbit) (Boehringer Mannheim). To detect the expression of fusion proteins, immunoblotting was carried out using anti-GFP antibody (CLONTECH). Goat anti-mouse antibody conjugated with horseradish peroxidase was used to illuminate primary immune complexes. Signals were visualized with the ECL Western Blot Detection System (Amersham Pharmacia).
Results

Nuclear and Nucleolar Localization of topo I N terminus (topoIN)-EGFP
Fusion Proteins. To examine the physiological and biochemical functions of the nonconserved N-terminal domain of endogenous topo I, we evaluated the nuclear distribution of topoIN-EGFP fusion proteins in living cells. A specific, intense green fluorescence signal was clearly restricted to the nuclei of cells transfected with topoIN-EGFP (Fig. 2B) . In contrast, EGFP (Fig. 2 A, vector control) was distributed more or less evenly throughout the whole cell. In addition, about 90% of transfected cells displayed nucleolar localization (Fig. 2B) , which is consistent with the results of topo I localization (2, 23, 24) . These results are also consistent with the recent report from Mo et al. (20, 25) that the N-terminal 215 residues contain signals mediating the efficient import of topo I into nuclei and nucleoli.
The Nucleolin Binding Signal Is Not Necessary for Nucleolar Localization. It has been reported that topo I can bind nucleolin (21) , suggesting a possible nucleolar localization mechanism. To Fig. 1 . Schematic description of topoIN-EGFP constructs. The N-terminal domain of topo I and its deleted fragments were cloned into pEGFPN2. The top line shows the topo I N terminus (residues 1-215). Four putative NLSs (triangles) are located at residues 59 -65 (KKHKEKE), residues 150 -156 (KKIKTED), residues 174 -180 (KKPKNKED), and residues 192-198 (KKKPKKE) (18) . A novel NLS is marked by the diamond at residues 117-146 (DEDDAD or KDEPEDDG) (20) . The nucleolin-binding region is located from residues 166 to 210 as shown. The lower collection of lines represent fusion constructs of N-terminal segments of topo I (light line) and EGFP (heavy line), and numbers correspond to amino acid residues of topo I deletions in the fusion constructs. determine whether interaction between topo I and nucleolin is necessary and͞or sufficient for localization, the N-terminal domain was dissected using various constructs fused to EGFP. Western blotting data confirmed that fusion protein molecular weights were consistent with predicted values (data not shown).
The initial two constructs involved topo I N-terminal domain fragments cut in half. The amino terminus pTPIN⌬1 (residues 1-142) has three putative NLS and the carboxyl terminus pTPIN⌬2 (residues 142-215) has two NLSs along with the nucleolin-binding region (residues 166-210; see also Fig. 1 ). Roughly 20% of cells transfected with either of these two constructs displayed nuclear localization and neither displayed nucleolar localization ( Fig. 3 A  and B) . The results show that the nucleolin-binding region alone is not sufficient for the nucleolar localization.
To further characterize the nucleolin-binding region, we constructed a fusion protein topoIN⌬3 (residues 1-170), which has a novel nuclear localization signal in human topo I (20) , but lacks residues the nucleolin binding region (21) . Surprisingly, 90% of cells expressing this fusion product displayed nucleolar green fluorescence (Fig. 3C) . Although the fluorescent intensity in this experiment was somewhat less than that seen with the full-length N-terminal domain construct, the data nonetheless demonstrate that the nucleolin binding region is not absolutely necessary for the nucleolar localization of the bulk of topo I.
Ongoing rDNA Transcription Is Crucial for Nucleolar Localization.
Topo I has been reported to have a predominantly nucleolar distribution and to be involved in rRNA synthesis (2, 23, 24) . Furthermore, it is associated with TBP in the general transcription complex (3). To determine whether ongoing transcription is important for the nucleolar localization of topoIN-EGFP proteins, we examined whether RNA synthesis inhibitors might induce its redistribution. DRB inhibits RNA transcription driven by all three RNA polymerases (26) , whereas actinomycin D specifically inhibits RNA polymerase I at low concentrations (27, 28) , and ␣-amanitin inhibits RNA polymerase II and III specifically (28, 29) . MCF7͞topoIN-EGFP cells were treated with the drug DRB at concentrations that inhibit total uridine incorporation into RNA by 50% (26) . After treatment for 2 h with 30 M DRB, the topoIN-EGFP green fluorescence signal appeared to be dispersed evenly throughout the nuclei and was clearly more punctiform as a pattern of small spheres (Fig. 4B) , relative to the DMSO control cells (Fig. 4A) . Inhibition of transcription by DRB did not destroy or morphologically alter the nucleoli, at least as seen in phase microscopy (data not shown) and in agreement with other reports (26) .
Because human rRNA genes are transcribed by RNA polymerase I, actinomycin D was used to block rRNA transcription in the MCF-7͞topoIN-EGFP cells (27, 28) . Fig. 4C shows that actinomycin D treatment gives an identical result obtained with DRB treatment. To determine whether the nucleolar delocalization was specific for RNA polymerase I, we also tested ␣-amanitin to inhibit RNA polymerase II and III specifically (28, 29) . Although ␣-amanitin treatment altered the distribution and localization of topo I (Fig. 4D) , the effects were clearly less dramatic compared with actinomycin D (compare Fig. 4 C and D) and ␣-amanitin did not result in the loss of nucleolar topo I. Because topo I has also been implicated in transcription by RNA polymerase II, some influence on topo I distribution by ␣-amanitin was expected. These data suggest that the nucleolar localization of topoIN-EGFP is selectively disrupted by inhibiting RNA polymerase I transcription.
Because the nucleolar topoIN-EGFP fusion proteins delocalize after inhibition of rDNA transcription, we used an immunoprecipitation assay to examine whether the N-terminal fusion protein is a part of a macromolecular transcriptional complex. We first immunoprecipitated the TBP from MCF-7͞topoIN-EGFP extracts. As expected, a portion of endogenous topo I protein (40-50%, three experiments) was coimmunoprecipitated with anti-TBP antibody (Fig. 4E ). This result is consistent with the FARWestern experiments reported by Merino et al. (3) . Similar amounts of TopoIN-EGFP were coimmunoprecipitated with anti-TBP antibody (Western probed with anti-GFP IgG), suggesting that the N terminus of topo I was interacting with the transcriptional complex in vivo. This result suggests that the EGFP-topo I fusion protein is behaving similarly to the intact topo I protein, at least with regard to interaction with TBP. As a control, EGFP without topo I sequence was not coimmunoprecipitated with anti-TBP antibody by using MCF-7͞EGFP cell extracts (data not shown). Moreover, when immunoprecipitations were carried in the MCF-7͞topoIN-EGFP extracts from cells treated with 30 M DRB for 2 h, we found only trace amounts (typically less than 3-8%, three different experiments) of topoIN-EGFP protein bound to transcriptional complex. No endogenous topo I signal was detected in these same immunoprecipitates (Fig. 4E) . In summary, the immunoprecipitation experiments indicate that the RNA synthesis inhibitors can abrogate the physical interaction between topo I and the transcriptional complex (TBP), suggesting that ongoing transcription is required for topo I nucleolar localization.
Nucleolar Redistribution and p53. Treating cells with either topo I poisons or UV irradiation causes a redistribution of topo I whereby the enzyme is demobilized away from nucleolar centers (30, 31) . Because the recruitment of topo I onto the genome after UV treatment is p53-dependent (17), p53 may also play a role in the redistribution phenomenon with topo I. We explored this possibility by testing the influence of CPT or UV on the subnuclear localization of the fusion proteins in p53 mutant or wild-type cell lines (Fig.  5) . In p53 wild-type MCF-7 cells, following a 30-min treatment of CPT (10 M) or 4 h after a UV pulse (20 J͞m 2 ), topoIN-EGFP nucleolar egress was detected as a loss of nucleolar signal and a clear increase in nucleoplasmic fluorescence in 90% of transfected cells (compare Fig. 5 A with E and I) . In contrast, with the mutant p53 cell line (SK-BR-3), the majority (Ͼ90%) of the cells looked the same before and after drug or UV exposure. These cells do not appear to release topoIN-EGFP from their nucleoli after CPT or UV treatment (representative cells shown in before treatment in Fig. 5B , and after in Fig. 5 F and J) . Note that there were no detectable changes in topoIN-EGFP polypeptide levels following CPT or UV treatment (data not shown), which is consistent with our prior studies on intact topo I (17) . We repeated these experiments by using isogenic mouse cell lines from animals that were heterozygous for p53 (one allele deleted, but still wild type for p53) compared with homozygous null mutants. In the mouse fibroblasts used in these experiments, the topoIN-EGFP was concentrated in the nucleolar regions (as with human cells); however, nucleoplasmic-associated fluorescence is somewhat higher (Fig. 5C ) in control mouse fibroblasts compared with human cells (Fig. 5A) . The difference between man and rodent represents a species-specific effect probably related to the nonconserved nature of the Nterminal region of topo I, as noted above. A single wild-type p53 allele resulted in a clear and unambiguous release of topo IN-EGFP from the nucleolus following CPT or UV treatment in the majority or cells examined (Fig. 5 G and K, respectively) . The effect was particularly dramatic in the p53 wild-type mouse lines where we detected large amounts of topo I in the cytoplasm (Figs. 5 G and K). As with the SK-BR-3 mutant line, significant amounts of nucleolar fluorescence remained after CPT͞UV in the mouse p53 knockout cells, although some leakage of the topoIN-EGFP into the nucleoplasm was evident (compare Fig. 5 D with H and L) . However, we did not detect any release of topo I into the cytoplasm in the p53 null line relative to the MP3ab (p53 ϩ/Ϫ ) cells (compare Fig. 5 H and L with G and K) . These results suggest that functional, wild-type p53 is required to effect the complete and full release of topo I from the nucleolus following DNA damage.
Physical Association of the topo1 N-Terminal Domain and p53. Both in vitro and in vivo association assays revealed that topo I and p53 form a molecular complex (17, (32) (33) (34) . The experiments in the current work further demonstrate that redistribution of topoIN-EGFP after CPT and UV treatment is influenced by p53. We next investigated whether topo I N-terminal domain itself can bind directly to p53 in vivo. The VP16 activation domain (from HSV-1) was fused to either the topo I N-terminal domain or whole-length topo I cDNA and cloned into a mammalian expression plasmid (Fig. 6A) . The interaction of these two fusion proteins with p53 was assayed by cotransfecting cells with a plasmid containing p53 sequences fused to the DNA binding domain of the yeast activator protein GAL4. The activity of the fusion protein was then measured using a chloramphenicol acetyltransferase (CAT) reporter controlled by a promoter containing five GAL4 DNA-binding sites.
These expression constructs were cotransfected into MCF-7 cells. As expected, the p53 construct had no stimulatory effect on the activity of the VP16-activating domain alone (Fig. 6B,  lane 2) ; however, cotransfection of VP16-topo I and GAL4-p53 results in a 5-fold increase in reporter gene expression (Fig. 6B,  lane 3) . This result is consistent with the immunoprecipitation data we have published (see ref. 15 , Figure 7C ), demonstrating the in vivo interaction between topo I and p53 (17, (32) (33) (34) . Similar results were observed when VP16-topoIN was cotransfected with GAL4-p53 (Fig. 6B, lane 4) . These data suggest that topo I N terminus alone is sufficient to interact with p53 in vivo.
Discussion
The N-terminal region of topo I from amino acids 1-215 is highly charged, largely disordered, and hypersensitive to protease digestion (18) . Although this domain is dispensable for catalytic activity of the enzyme in vitro (19) , our data as well as other key papers suggest a number of critical intracellular functions. Studies in Drosophila show that the N terminus targets to transcriptionally active loci and is important in responding to cellular processes during the reprogramming of gene expression that attends development (21, 22) . In yeast, overexpression of human topo I is lethal but also depends on the N-terminal domain (19) . The primary function of the N-terminal region of topo I is probably nuclear͞nucleolar targeting. Moreover, because the 166-210 amino acid region of human topo I can form a complex with nucleolin, a possible mechanism for nucleolar localization of topo I had been proposed (21) .
Green fluorescent protein (GFP) is a powerful genetic reporter and localization system. Because the detection of intracellular GFP requires only irradiation by near UV (without fixation, addition of substrates͞cofactors), it provides an excellent means for monitoring protein localization in living cells as well as the dynamics in response to different cellular processes or drug treatment (35, 36) . Using this system to track the localization of topoIN-EGFP fusion, we show that the Nterminal 215 residues are able to direct the fusion protein into the nucleus and nucleolus. As noted above, the interaction between topo I and nucleolin suggests that this association may be the mechanism by which topo I enters the nucleus and concentrates in the nucleoli. The EGFP fusion approach allows us test this hypothesis, and using fusion constructs to dissect of topo I N terminus, we show that the 166-210 nucleolin binding region of topo I is neither sufficient nor necessary for the nuclear and nucleolar localization of topo I.
The nucleolus is the apparatus for ribosomal RNA synthesis and transcription proceeds at a high rate in this region. Prior reports indicated that topo I is enriched in the nucleolus and catalytically active on ribosomal DNA, suggesting that topo I may relieve positive and negative supercoiling that attends high transcriptional rates associated with rDNA templating (2, 23, 24) . Nucleolar localization data on topoIN-EGFP before and after treatment with transcriptional inhibitors suggest that retention of topo I within the nucleolar milieu depends on ongoing rRNA synthesis. DRB inhibits RNA transcription driven by all three RNA polymerases (26) , whereas actinomycin D specifically inhibits RNA polymerase I at low concentrations (27, 28) . Note also that these lower concentrations of actinomycin D greatly reduce topo I͞DNA cleavage complexes (37, 38) , arguing against the idea that the actinomycin D result simply mimics the CPT response. Consistently, both DRB and actinomycin D treatments result in a rapid redistribution of chimeric proteins; however, selective inhibition of RNA polymerases II and III gave a much less dramatic redistribution of topo I with little nucleolar loss. A possible mechanism for the recruitment of topo I to the transcriptional complex is that topo I might recognize specific DNA structures; for example, positive or negative supercoiling associated with active chromatin (39) . However, based on our results, this explanation alone seems unlikely, because the topoIN-EGFP construct lacks the conserved core domains that mediate the preferential binding of topo I to supercoiled DNA (39) .
Immunoprecipitation experiments reveal that the topo I Nterminal domain interacts with the TATA-binding protein (which among other things is involved in rDNA gene transcription driven by RNA polymerase I). Moreover, RNA synthesis inhibitors can abrogate the physical interaction between topo I and TBP. Thus, nucleolar localization could be driven partially or wholly by protein-protein interactions between topo I and the transcriptional machinery. The hydrophilic N-terminal region may well provide the surface for the interactions. Indeed, topo I has been reported to be a transcription factor that represses basal transcription, and DNA relaxation activity of the enzyme was dispensable for this transcriptional repression (3). These results suggest topo I might have other functions during transcription besides its relaxation activity.
It has been previously shown that treatment of cells with a topo I poison (camptothecin), or UV irradiation causes redistribution of nucleolar topo I into nucleoplasm (30, 31) ; however, little is known about this mechanism. By using topoIN-EGFP imaging, we show that this redistribution is p53-dependent. It has been suggested that the redistribution of topo I in response to CPT treatment is associated with action of drug, which stabilizes topo I on genomic DNA elsewhere other than nucleoli (30); however, this seems unlikely because CPT treatment also leads to topoIN-EGFP nucleolar delocalization and none of the EGFP constructs in this study The three activator derivatives of VP16 were: VP16 alone, VP16 activation domain fused to intact topo I, or fused to the topo I N-terminal domain (residues 1-170). The GAL4 construct was the p53 gene fused to the GAL4 DNA-binding domain. The reporter used in the transfections was a GAL4 fused 5Ј of E1bCAT. The reading frames of all fusions were confirmed by DNA sequencing. MCF-7 cells were transfected with 1 g E1bCAT reporter, 5 g of the GAL4 construct, and 5 g of the different activator derivatives. Extracts were prepared at 48 h posttransfection. CAT protein was directly measured using the CAT ELISA Kit (Boehringer Mannheim) and corrected for internal variability by using ␤-galactosidase. Results are representative of four separate experiments.
possess catalytic activity. Instead, it appears that the altered topo I patterns observed in p53 wild-type cells reflects a true alteration in topo I localization that accompanies the cellular response to general DNA damage (note that stabilization of topo I onto genomic DNA by CPT will generate single-stranded DNA breaks or genomic DNA damage). Several p53-dependent biological processes would be activated in p53 wild-type cells: (i) enhanced transcriptional activity (e.g., of DNA damage response genes other than rDNA), (ii) DNA repair, and͞or (iii) initiation of apoptosis. One can envision that involvement of topo I in any͞all of these processes could drive the redistribution of topo I. An essentially identical pattern of redistribution of topoIN-EGFP after UV damage further rules out a purely drug-like mechanism of nucleolar delocalization. Thus, the topoIN-EGFP constructs should provide useful tools to investigate possible mechanisms of cellular response to topo I drug treatment, providing new insights into mechanisms of cytotoxicity with these drugs. For example, following the kinetics of topoIN-EGFP redistribution after drug treatment might have utility in distinguishing between patients with drug-sensitive and drugresistant tumors when applied to clinical samples.
Because p53 can directly bind to topo I (17, 32, 33) , the p53-dependent subcellular redistribution of topo I might be a direct result of interaction between these two proteins. The mammalian two-hybrid experiment (Fig. 6 ) also demonstrated that topo I N-terminal domain is sufficient to interact with p53 in vivo. Both topo I drug treatment and UV irradiation can relocalize and stabilize wild-type p53 in the nuclei (40) (41) (42) . The physical association between p53 and topoIN-EGFP proteins could simply disrupt the dynamic equilibrium between nucleolar and nonnucleolar populations of topoIN-EGFP proteins, and the shift in equilibrium may be reflected by the redistribution of the proteins from the nucleoli. Functional p53 is required for activation of a G 1 checkpoint and the resulting growth arrest is thought to allow cells time to repair DNA before replication (43) (44) (45) or in some cells eradicate DNA damage laden cells that may be precancerous (46) . The dynamic localization of topoIN-EGFP in response to transcription inhibitors, camptothecin, and UV irradiation may reflect the cellular functions of topo I involving transcription, DNA repair, and apoptosis. Previously we proposed two models to explain how endogenous topo I might be recruited onto the genome in a p53-and cell cycle-dependent manner following DNA damage (17) . First, topo I may simply be an active participant in excision repair and is recruited directly into repair sites. A second model is that topo I contributes to the general demise of the cell by introducing genomic damage and subsequent p53-dependent elimination through apoptosis. These two models are not mutually exclusive and it is possible that DNA damaged cells exist in a balance between repair (or resurrection) and apoptosis. Double staining cells with specific antibodies against other proteins, for example, Gadd45 and proliferating cell nuclear antigen (PCNA), which are involved in these processes, may help us better understand topo I functions in response to DNA damage. Gadd45, a p53-responsive factor, might drive local chromatin modifications to facilitate topo I accessibility after DNA damage (47) , and PCNA plays an essential role in both transcription and nucleotide excision repair (48, 49) .
In summary, we have generated several constructs of human topo I N-terminal domain sequences linked to EGFP and have used them to demonstrate that the topo I fusion protein can be localized to nucleoli. Moreover, localization of topoIN-EGFP is clearly dynamic and can rapidly change in response to transcription, DNA repair, topoisomerase inhibition, and p53 status. Therefore, the ability of topo I to respond to cellular processes may reside primarily in the N-terminal domain, which could be important in cell killing by topo active agents. The dynamic shuttling of topo I in and around the genome may be relevant to tumor-cell killing by camptothecins in several ways. For example, if the majority of cellular topo I is located in the nucleolus and active on ribosomal DNA (2, 23, 24) , in p53 mutant cells, little of this sequestered topo I would be released following CPT treatment (Fig. 5) . Consequently, the DNA damage would be localized to repeat gene sequences in the rRNA cistrons that might be readily repaired by recombination pathways. In a p53 wild-type cells, nucleolar topo I efflux might pepper the genome with widespread damage leading to lesions in many expressed genes. Downstream consequences of global topo I͞DNA lesions might be more dramatic leading to greater cell killing.
